INTRODUCTION

5
In the present study, with the aim of getting new insights into the mechanisms of 116 adaptation to high altitudes and the influence of plant size on this adaptation capacity, 117 we examined the physiological response of S. longifolia growing at three contrasted 118 populations spanning its whole altitudinal range. We described population structure, 119 calculated mortality rates, and analyzed physiological performance, including water 120 contents and activation of photoprotection mechanisms and chemical defenses. We 121 aimed at understanding the effect of varying altitude on the expression of defense 122 mechanisms that govern adaptive processes in high-mountain plants.
123
RESULTS
124
Physiological Performance and Mortality in Populations at Various Altitudes
125
S. longifolia is a monocarpic species; therefore, plants die as a consequence of 126 reproduction. We wondered, however, whether mortality of juveniles is also influenced Table 1 ). Mortality of juveniles was higher in the lowest population (Pantano de la 132 Peña, 6.9 %) and highest in the intermediate one (San Juan de la Peña, 11.5 %, Table 1 ), 133 both of them showing a similar population size distribution (Supplemental Fig. S1A ).
134
Therefore, altitude, which, as expected, resulted in lower temperatures (Supplemental 135 Fig. S2 ), does not seem to be associated to mortality rates in juveniles. Rather, mortality 136 rates in juveniles seemed to be more associated with reduced soil water contents.
137
Among the three populations studied, the volumetric soil water content was the highest 138 in the high population and lowest in the intermediate one ( Supplemental Fig. S2 ). Plants 139 growing in San Juan de la Peña were exposed to more stressful conditions during the 140 day of measurements compared to the other two populations, as indicated not only by 141 reduced soil water contents, but also higher solar radiation and air temperatures, which 142 may in turn contribute to drought stress. Mortality due to flowering was much lower 143 than among juvenile plants (Table 1) , and flowering rates were rather stochastic across 6 Physiological stress indicators, including leaf water, pigment and lipid 147 peroxidation levels ( Fig. 1 ), antioxidant protection ( Fig. 2 ) and stress-related 148 phytohormones (Fig. 3) , revealed that the physiological performance in juvenile plants including ABA, salicylic acid and jasmonic acid, while the lowest levels of the jasmonic 160 acid precursor, 12-oxo-phytodienoic acid (Fig. 3) , thus confirming that the intermediate 161 population was the one experiencing the highest physiological stress in juvenile plants, 162 which is in agreement with the highest mortality rates observed (Table 1) .
163
Levels of photoprotective molecules (α-tocopherol, carotenoids and 164 anthocyanins) increased significantly in response to high altitude (1100 relative to 570 165 m a.s.l., Fig. 2 ), which was paralleled by reduced leaf water contents ( Fig. 1 ) and 166 increased ABA levels (Fig. 3) . The more demanding effect of high altitude on 167 photoprotection was however abolished (except for α-tocopherol increases) at very high 168 altitudes (2100 m a.s.l.), these plants showing improved water contents (Fig. 1) , and a per area ratio (Fig. 1) , carotenoid/chlorophyll ratio (Supplemental Fig. S3 ) and levels of 7 Logistic models showed that, for juveniles, the effect of individual plant size on 178 mortality was significantly important for the low and intermediate populations, where 179 smaller plants had a higher probability to die than larger ones (estimated β 1 parameter: -180 0.12 and -0.05 respectively; p<0.001 in both cases; Fig. 4 ). Mortality rate in the highest 181 population was independent on plant size, with dead plants less concentrated in small 182 plants and more uniformly distributed across total size distribution (Fig. 4, 
183
Supplemental Fig. S4 Fig. 5 ), a correlation that was not significant at lower altitudes.
188
In should be noted, however, that the lowest leaf water contents were observed in San
189
Juan de la Peña (with values around 50% lower than in the other two populations),
190
although the large variability observed prevented the correlation to be significant (Fig. 191 5). Other, more moderate, correlations were observed between plant size and leaf mass hydroperoxides, compared to mature plants from the low population (Table 3) .
210
Clonal Growth, Reproduction and Death
211
Rosettes might split into two or many more smaller rosettes in a given year, in a kind of 212 clonal growth process but without the presence of rhizomes because the single 213 axonomorphic root keeps inside the crevice (see Supplemental Fig. S1B) occurs at high altitude Pintó-Marijuan and Munné-234 Bosch, 2014). Furthermore, global change may increase the frequency of drought 235 events, which occur irregularly and may therefore affect plant populations from a given 236 species in a rather different way just depending on its specific location, leading to 237 increased photo-oxidative stress. In chloroplasts, production of reactive oxygen species previous studies on other high-mountain plants . as shown in other studies . Enhanced jasmonic acid levels may be 285 triggered by increased biotic stress, but also by abiotic factors, such as drought stress 286 (Brossa et al., 2011; de Ollas et al., 2013) . Thus, it is very likely that enhanced ABA, soil and leaf water contents, despite being exposed to higher light intensity.
311
Furthermore, plants from this species seem to escape from increased size-dependent 312 mortality, as it has been shown in other plant species, mostly woody perennials (shrubs 313 and trees), in which increased plant size make larger individuals more vulnerable to 314 environmental constraints (Mencuccini et al., 2005 (Mencuccini et al., , 2007 Baudisch et al., 2013; 315 Salguero et al., 2013; Munné-Bosch, 2014 , 2015 . This was not observed here in either 316 studied population. Small sizes throughout their lifespan, as it happens in perennial 317 herbs (García et al., 2011; Morales et al., 2013; , may 
328
The fact that plants get larger in the high population could be related to the 329 existence of clonal growth, another interesting mechanism observed mainly at the 330 highest altitude. Newly formed rosettes never become fully independent because they 331 all share the same root system, but they can behave independent in the sense that not all 332 daughter rosettes die or reproduce at the same time (see Supplemental Fig. S1B ).
333
Considering that this is a monocarpic plant, forming new rosettes might help the plant to 
MATERIALS AND METHODS
356
Plant Populations, Treatments and Sampling
357
The study was carried out in three natural populations of Saxifraga longifolia Lapeyruse 358 located in central Pyrenees, the area of highest abundance within its distribution range.
359
The three populations were located across an altitudinal range spanning 50 km in For pigment analysis, measurements were performed spectrophotometrically on 400 methanolic extracts to estimate chlorophyll and carotenoid levels, as described by 401 Lichtenthaler (1987) , which were then acidified with 30% HCl to estimate total 402 anthocyanin levels as described by Gitelson et al. (2001) . The extent of lipid 403 peroxidation was estimated by measuring the levels of lipid hydroperoxides in leaves.
404
Lipid hydroperoxide levels were estimated spectrophotometrically following a modified 405 ferrous oxidation-xylenol orange (FOX) assay, as described (DeLong et al., 2002) .
406
Tocochromanols
407
For analyses of tocochromanol (tocopherols and plastochromanol-8) contents, leaf 408 samples were ground in liquid nitrogen and extracted with cold methanol containing 409 0.01% butylated hydroxyltoluene using ultrasonication. After centrifuging at 12000 rpm 410 for 10 min and 4°C, the supernatant was collected and the pellet re-extracted with the 411 same solvent until it was colorless; then, supernatants were pooled, filtered and injected 412 into the HPLC. Tocopherols and tocotrienols were separated isocratically on a normal-413 phase HPLC system using a fluorescent detector as described (Cela et al., 2011) . 
Stress-related Phytohormones
419
For analyses of ABA, salicylic acid and jasmonates, leaf samples were ground in liquid 420 nitrogen and extracted with cold methanol using ultrasonication. After centrifuging at 421 12000 rpm for 10 min and 4°C, the supernatant was collected and the pellet re-extracted 422 with the same solvent until it was colorless; then, supernatants were pooled, filtered and 423 injected into the UHPLC-MS/MS. Phytohormones were separated using an elution 424 gradient on a reverse-phase UHPLC system and quantified using tandem mass 425 spectrometry in multiple reaction monitoring mode as described Bosch, 2011). Recovery rates were calculated for each hormone on every sample by 427 using deuterated compounds. 
Chl a + b(μmol/g DW)
1.52 ± 0.06 1.34 ± 0.11
Chl a / b
2.17 ± 0.02 2.24 ± 0.04
LOOH(μmol/g DW)
5.38 ± 0. 
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Size Figure 4 . Logistic mortality regression models for the three populations studied. The "x" axis corresponds to the diameter (measured in mm) of plants in year "t", and the "y" axis to the recorded fate in year "t+1" (0=alive, 1=dead 
